Efforts to recreate a prebiotically plausible protocell, in which RNA replication occurs within a fatty acid vesicle, have been stalled by the destabilizing effect of Mg 2+ on fatty acid membranes. Here we report that the presence of citrate protects fatty acid membranes from the disruptive effects of high Mg 2+ ion concentrations while allowing RNA copying to proceed, while also protecting single-stranded RNA from Mg 2+ -catalyzed degradation. This combination of properties has allowed us to demonstrate the chemical copying of RNA templates inside fatty acid vesicles, which in turn allows for an increase in copying efficiency by bathing the vesicles in a continuously refreshed solution of activated nucleotides.
Efforts to recreate a prebiotically plausible protocell, in which RNA replication occurs within a fatty acid vesicle, have been stalled by the destabilizing effect of Mg 2+ on fatty acid membranes. Here we report that the presence of citrate protects fatty acid membranes from the disruptive effects of high Mg 2+ ion concentrations while allowing RNA copying to proceed, while also protecting single-stranded RNA from Mg 2+ -catalyzed degradation. This combination of properties has allowed us to demonstrate the chemical copying of RNA templates inside fatty acid vesicles, which in turn allows for an increase in copying efficiency by bathing the vesicles in a continuously refreshed solution of activated nucleotides.
T he RNA world hypothesis suggests that the primordial catalysts were ribozymes (1, 2), whereas biophysical considerations suggest that the primordial replicating compartments were membranous vesicles composed of fatty acids and related amphiphiles (3, 4) . However, the conditions required for RNA replication chemistry and fatty acid vesicle integrity have appeared to be fundamentally incompatible (5) (fig. S1 ). Both ribozyme-catalyzed and nonenzymatic RNA copying reactions require high (50 to 200 mM) concentrations of Mg 2+ (or other divalent) ions (6), but Mg 2+ at such concentrations destroys vesicles by causing fatty acid precipitation.
We developed a screen for small molecules that protect oleate fatty acid vesicles from disruption by Mg
2+
. We used two assays to monitor the leakage of either a small charged molecule (calcein) or a larger oligonucleotide, allowing us to distinguish between increased membrane permeability (faster calcein release with oligonucleotide retention) and generalized membrane disruption (rapid release of both calcein and the oligonucleotide) (figs. S2 to S4). We identified several chelators, including citrate, isocitrate, oxalate, nitrilotriacetic acid (NTA), and EDTA, that protect oleate vesicles in the presence of at least 10 mM Mg 2+ (figs. S5 and S6). In the presence of chelated Mg 2+ , oleate vesicles remained intact but exhibited a modest increase in the permeability of a small polar molecule ( Fig. 1 and fig. S7 ) and an even smaller increase in the leakage of an oligonucleotide. In terms of vesicle stabilization, citrate was one of the most effective chelators of Mg 2+ . We also examined the stability of model protocell membranes made of myristoleic acid:glycerol monomyristoleate (2:1) and from the more prebiotically reasonable decanoic acid:decanol:glycerol monodecanoate (4:1:1). Citrate-chelated Mg 2+ caused only a small amount of leakage from these vesicles, and the stabilizing effect of citrate was seen for both calcein and oligonucleotides ( Fig. 1 and figs. S8 to S13).
We then asked whether these chelators were compatible with the Mg 2+ catalysis of nonenzymatic template-directed RNA primer extension. We measured the rate at which an RNA primer was elongated when annealed to an oligonucleotide with a templating region of C nucleotides, in the presence of an excess of the activated G monomer guanosine 5′-phosphor(2-methyl)imidazolide (2MeImpG) (Fig. 2) . We examined citric acid, EDTA, NTA, and a weakly stabilizing chelator (isocitric acid). In the presence of 50 mM unchelated Mg 2+ , the primer-extension reaction proceeded at a rate of 1. . For comparison, isocitric acid does not fully protect vesicles (figs. S16 and S17) but also does not affect the primer extension reaction.
To see whether citrate would allow nonenzymatic RNA copying to proceed within fatty acid vesicles, we encapsulated an RNA primertemplate complex inside oleate vesicles, added Mg 2+ and citrate, and removed unencapsulated RNA by size exclusion chromatography. We then added the activated G monomer 2MeImpG, heated the sample briefly to allow for rapid monomer permeation (7), and then incubated it at room temperature for times up to 24 hours to allow (Fig. 3) . REPORTS necessary, because of the higher permeability of such membranes to nucleotide monomers. It is noteworthy that RNA primer extension occurred efficiently inside vesicles made of decanoic acid: decanol:glycerol monodecanoate (4:1:1) (Fig. 3) , because short-chain saturated amphiphilic compounds are more prebiotically plausible than longerchain unsaturated fatty acids such as oleate or myristoleate. When we encapsulated the RNA primer-template complex inside POPC vesicles, no primer extension was observed, because of the impermeability of phospholipid vesicles to the 2MeImpG monomer (even with a heat pulse) (fig. S18) .
The efficiency of nonenzymatic RNA replication can be greatly enhanced by the periodic addition of fresh portions of activated monomer to a primer-extension reaction occurring on templates immobilized by covalent linkage to beads (8) . We sought to reproduce this effect by mimicking the flow of an external solution of fresh monomers over vesicles, by periodic dialysis of model protocells against a solution of fresh activated monomers (see the supplementary materials for a description of the liposome reactor dialyzer). The control primer-extension reaction in solution shows that the yield of full-length primer-extension product from copying a GCCG template is very low, even if fresh monomers are added to the reaction periodically (Fig. 3E) . In contrast, after repeated exchanges of external solution by dialysis, the proportion of full-length product was much greater (Fig. 3E) .
The high thermal stability of the RNA duplex is a major problem for prebiotic RNA replication (5 (Fig. 4) . The observed rate constant (k obs ) for cleavage at the ribo linkage, at 75°C in the presence of 50 mM Mg 2+ was 0.03 hour −1 , whereas in the presence of a fourfold excess of citrate, the rate decreased to 0.004 hour -citrate (11) shows that the Mg 2+ ion is coordinated by the hydroxyl and two carboxylates of citrate, so that three of the six coordination sites of octahedral Mg 2+ are occupied by citrate, while the remaining three are free to coordinate with water or other ligands. The clear implication is that coordination of Mg 2+ by at most three sites is sufficient for catalysis of template-directed RNA synthesis, but not for catalysis of RNA degradation or for the precipitation of fatty acids. In the absence of a prebiotic citrate synthesis pathway [but see (12) for a recent advance], it is of interest to consider prebiotically plausible alternatives to citrate that could potentially confer similar effects, such as short acidic peptides. Just such a peptide constitutes the heart of cellular RNA polymerases, where it binds and presents the catalytic Mg 2+ ion in the active site of the enzyme.
